PLATZS 78 TO 81 (Received for publication 19 May 1966) L y m p h can be collected continuously from the cannulated popliteal lymph duct of sheep using the technique developed b y Morris and his associates (1). These workers found that the node responds to antigenic stimulation by releasing a characteristic population of cells into the lymph. Specific antibody could be extracted from these cells (2) .
We have identified the cells producing antibacterial antibody in the popliteal node and efferent lymph of sheep during primary and secondary responses to Salmonella somatic antigens. Antibody-forming cells were detected using a modification of the Jeme-Ingraham technique (3) . Individual cells, shown b y this functional test to be releasing antibody, were studied b y light and electron microscopy. Imm~'*$sat~n.--A suspension of l0 s, $ X l0 s, or 10 ~ boiled Salmonella muenchen in 1 ml of saline was injected subcutaneously in the posterolateral aspect of the metatarsal region. For the study of efferent lymph cells the lymph duct was cannulated 2 to 4 days before the node was stimulated. Five primary responses were followed. Secondary injections were made 7 to 10 days later in 2 of these sheep; the other 3 preparations stopped flowing before the secondary response was completed. Two other sheep were injected $ wk before cannulation, and the secondary response studied following a second injection of antigen after cannulation. Popliteal lymph node cells were obtained from a separate group of sheep whose lymph ducts had not been cannulated. Nine nodes were removed from sheep 1 to 8 days after primary stimulation with 109 bacteria. Six further nodes were removed following 2 injections of antigen, 5 wk apart.
Materials and Methods
Lymph Cd/s.--Lymph was collected in sterile 120 ml polythene bottles. Every 12 hr, the volume of lymph was measured, a 15 ml sample was centrifuged, and the cells obtained were resuspended in their own volume of normal sheep serum, then smeared on two glass slides. Smears were stained with Leishman's stain, and a differential count made of 1000 cells. Approximately I ml of lymph was obtained direct from the cannula every 12 or 24 hr for assaying antibody-producing cells. These cells were gently centrifuged out, washed once, and resus-702 ANTIBODY I~ORM.ATION BY SHEEP LYMPHOID CELLS pended in Eagle's medium at O°C. Lymph nodes were cut up with scissors, the fragments pipetted vigorously, and the resulting suspension of cells washed once.
So~sil/izing Erythrocytes.--Washed sheep red blood cells in 0.9% NaC1 solution were incubated for 1 hr at 37°C with bacterial Ilpopolymecharide prepared by the method of Halllday and Webb (4) (100/~g lipopolysaccharide/0.l ml packed red cells).
Complement.--A batch of guinea pig serum was absorbed with one-tenth its volume of sensitized sheep red cells to remove antibacterial antibody, then stored at --20°C.
Assay for Antibody-Producing Cd/s.--The "free suspension" modification of the plaque technique has been described previously (3) . The mixture of lymphoid cells and target erythrocytes was incubated in Eagle's medium as a monolayer at the bottom of a stmllow circular chamber. At each time of assay, lymphoid cells were incubated in two chambers with complement and sensitized erythrocytes. 50 to 200 plaques were usually counted, at X 50, except at the beginning and end of a response when very few plaque-forming cells were detectable. The size of each chamber was found by measuring several diameters at X 10. The total number of lymphoid cells in a chamber of known area could then be found as accurately as necessary by counting the cells in several calibrated high-power microscope fields. Thus the proportion of cells in the preparation which produced plaques could be estimated with anaccuracy depending largely on the number of plaques counted.
Two similar chambers were incubated in each test without complement, and with the concentration of sensitized erythrocytes reduced to about 4%. Counts of lymphoid cells with adherent red cells were made at X 240. Up to 5000 cells were examined in order to record at least 20 positive cells: However, at the beginning and end of a response, when the proportion of active to inactive cells was less than 1/1500, it was not possible to estimate accurately the number of cells causing adherence.
Exarni~a~ion of Acli~e Calls by Ligh¢
Microscopy.--Cells in the standard assay were inaccessible because of the cover slip used to seal the preparations. For picking out individual active cells, monolayers were incubated in microdrops under oil.
A thin strip of vinyl plastic was painted around the edges of a microscope slide and this shallow chamber was filled with paraffin oil. A mixture of sheep lymphoid ceils in Eagle's medium was made at 0°C with 5% sensitized sheep red cells and 10% complement. Drops of this mixture (about 0.1 #1), each containing roughly 100 lymphoid cells, were blown under the oil on to the glass slide with a fine pipette. Stable plaques appeared around those cells producing lytic antibody after incubation at 37°C for 10 to 30 rain.
Plaque-forming cells were now isolated using a micropipette about 40 # in diameter at the mouth, attached to an improvised micromanipulator. Observed at X 100, a cell was isolated from its neighbours by blowing it to the side of the drop with a stream of medium from the micropipette. Plaque-forming cells could be unequivocally identified because they were surrounded by adherent red cell ghosts, at the periphery of which were attached unlysed erythrocytes. This whole clump could then be sucked up and transferred to a cell-free microdrop. Lymphoid cells with only intact erythrocytes adhering to them were isolated in the same way. Several active cells were usually collected in one drop. A small volume of serum was then sucked into the micropipette and the active cells drawn into this serum. The serum was blown gently on to a clean slide while the slide was moved backwards and forwards with the stage manipulators of a microscope. The preparation was stained with Leishman s stain. An estimate of the areas of nucleus and cytoplasm of many of the cells smeared in this way was obtained by tracing their projected images on paper (X 3,500) then cutting out and weighing the paper.
Examination of Antibody-Forming Cells by Electron
Microscopy.--Detaiis of this method have been described (5) . Briefly, 20 to 40 active cells were collected individually in a microdrop using adherence in the absence of complement as the criterion of activity. Antiserum directed against sheep red cells was then used to agglutinate the active lymphoid cells together with the attached homologous erythrocytes, forming a specimen which was large enough to embed and section easily.
Lymph and Serum Antibody Tilrations.--Samples of lymph and serum were inactivated by heating at 62.5°C for 10 min, then diluted in serial 2-fold steps in Perspex trays in 0.25-ml volumes of 0.9% NaC1 solution containing 0.028 g CaC12 and 0.079 g MgCl#liter. To each well, 0.025 ml of 5% sensitized erythrocytes was added. For lysis tests, 0.025 ml 1:4 complement was added to each well, and for agglutination a similar volume of the same batch of guinea pig serum, which had been inactivated, was used. End points were read as 50% lysis or agglutination.
RESULTS
The Recognition of Cells Producing Specific Antibody.--Three types of interaction occurred between antibody-producing lymphoid ceils and the monolayer of sensitized erythrocytes surrounding them: (a) plaque formation, due to red cell lysis, occurring only in the presence of complement; (b) immuno-cyto--adherence, similar to the phenomenon observed by Nota et al. (6) and others (7, 8) in populations of rabbit and mouse lymphoid cells producing antibody to foreign erythrocytes; and (c) localized agglutination, involving agglutination of the erythrocytes surrounding, but not attached to a central lymphoid cell.
Plaque formation: Plaques began to appear in the red cell monolayer after a few minutes' incubation, and were usually counted after 20 rain. Most of the plaques in this system were very small, about 30 to 60/z in diameter, with lysis of only 1 to 3 "rows" of red cells adjacent to the central lymph cell (Fig. 1 a) . A small proportion was up to 300 # in size. Larger plaques were more commonly produced by cells from the lymph node than by cells from the lymph.
Adherence and agglutination: In the absence of complement, sensitized erythrocytes adhered to a proportion of lymphoid cells from immunized sheep. This reaction varied in extent from the adherence of 5 erythrocytes, (arbitrarily chosen as the smallest positive effect), to the agglutination of all red cells in an area 200 # or more in diameter (Figs. 1 b to l f). Cells producing adherence were more common than those producing agglutination. Cells forming plaques in the presence of complement were always able to produce agglutination or adherence of surrounding erythrocytes when transferred to drops containing no complement. However the reverse was not always true: many cells showing adherence in the absence of complement were unable to lyse these erythrocytes when complement was added. So at any time, a count of adherence-positive cells gave the highest estimate of the number of antibodyproducing cells in the population. The proportion of the total detectable antibody-forming cells which produced lysis varied from one sheep to another (from 1:6 to nearly 1:1), but it was approximately constant for any one immune response. Text-figs. 1 and 2 show the parallel rise and fall of plaque-forming cells and total antibody-producing ceils in a primary and in a secondary response. Antibody specificity: Some plaque formation and adherence occurred when lipopolysaccharides from other salmonellae (sharing antigens with S. muenchen) were used to coat the test erythrocytes, but no active cells were seen when Escherichia coli or Shigella sonnei lipopolysaccharides, or unsensitized red cells, were used.
Evidence that Plaque Formation, Immuno-Cyto-Adkerence and Locabized Agglutination are Due to the Production of Specific Antibody:----
Passive transfer of activity: Preincubation with lymph containing high titers of antibody never conferred plaque-forming or agglutinating properties on either normal lymph cells or on cells from sheep responding to an injection of influenza virus. Immune serum and the supematant from antibody-producing lymph cells were also ineffective in coating normal lymphoid cells with antibody. In some preparations where a large proportion of the lymphoid cells were producing antibody, incubation of lymphoid cells and target erythrocytes in the same tube, as in the method of Zaalberg (7), gave rise to massive agglutination of the erythrocytes, and nearly all the nucleated cells were nonspecitically caught up in these clumps. For this reason cells producing agglutination or adherence were always counted following incubation in a chamber, where they were kept relatively immobile.
Relationship of active cell numbers to lymph fliers: The numbers of active cells
rose and fell about 2 days ahead of antibody titers in the efferent lymph (see below). No plaque-forming cells were found in the efferent lymph from sheep unstimulated by antigen. Occasional ceils showing adherence were found in unstimulated sheep; the significance of these is unknown.
Morphology of antibody-forming cells: The ceils involved were not a random sample of the populations studied (see below); they were consistently basophilic except for a small proportion of blastlike cells. No medium lymphocytes, the predominant cell type in all samples, were identified as causing any of the 3 reactions.
Temperature effects: Metabolic activity of the cell was necessary for plaque formation: no plaques appeared at 0°C, but they began to form as soon as the temperature of the chamber was raised to 37°C. Immuno-cyto--adherence can occur at 0°C, but it was inhibited by prewashing the cells in homologous free lipopolysaccharide. This inhibition was quickly reversed by raising the temperature to 37°C.
Incubation with puromycin: Incubating lymph cells from a stimulated sheep
with 100 #g/ml of puromycin for 2 hr caused a 10-to 20-fold drop in the number of antibody-forming ceils detectable. This effect was partially reversed by a further 2 hr incubation in medium free of puromycin.
Persistence of ability to form plaques in culture: Lymph cells from an immunized sheep were cultured at a concentration of 10 T cells/ml in Petri dishes in Eagle's medium containing 10 % sheep serum. Initially about 1700 ceils per million were forming lyric antibody. The number fell off until after 7 days, approximately 300 cells per million of those remaining produced plaques when tested. The cells became very fragile in culture and most ol them broke up when total cell counts were attempted. Similarly, the antibody-producing cells remaining at 7 days invariably disintegrated when smeared. While these later plaque-forming cells may not have been the same as those initially detected, it is obvious that the ability to form plaques persists for a long time in a cell population, suggesting active synthesis of antibody by a proportion of the cells. shows the primary response of popliteal lymph nodes from a number of sheep at various times after antigenic stimulation. In Table I the number of active cells present in the efferent lymph, lymph antibody titers, and the proportion of basophilic cells in the differential counts at the peak of 6 responses, are recorded.
Kinetics of the Cellular Response in Efferent
No antibody-forming cells were found in either the node or efferent lymph until 40 to 50 hr after the injection of antigen. After this time there was a rapid increase in the numbers of active cells, which reached a peak at 70 to 105 hr. The numbers of these cells then declined more slowly, and 8 to 9 days after stimulation there were usually no active cells in the lymph, although a few could still be found in the node. Lymph agglutinating and lytic tilers were always similar, reaching a maximum 30 to 70 hr after the numbers of active cells reached their peak. Plasma titers were much lower, reaching a plateau about 100 hr after the injection of antigen. No consistent differences emerged between primary and secondary responses in either efferent lymph or lymph nodes. It is quite probable that all the sheep used had previously reacted to Salmonella antigens.
Changes in the proportion of different morphologically defined cell types during each responSe were similar to those described by Hall and Morris (2) .
Samples of lymph collected at the peak of each response were treated with 2-mercaptoethanol and retitrated. Samples were also fractionated by densitygradient ultracentrifugation. In the primary responses, all but a trace, and in the secondaries at least 90 % of the agglutinating activity was associated with 
mercaptoethanol-sensitive antibody of relatively high sedimentation constant (IgM).
The Morphology of Antibody-Producing Cells.-Light microscopy: Using the method described earlier in this paper, the morphology of lymphoid ceils can be seen as dearly as in a standard blood smear (Figs. 2 a to 2 0. With practice, about half the cells smeared were found undamaged on the slide. 87 undamaged lymph cells and 91 from the lymph node were examined at various times during the primary and secondary responses. There was no consistent morphological difference between cells showing plaque formation, or agglutination and adherence of erythrocytes, or between antibodyforming cells from primary or secondary responses.
The histograms in Text- fig. 4 show the frequency with which antibody-forming cells of different average diameter were found. Two groups of active cells could be distinguished. The cells of the first group were large, usually from 12 to 17 # in diameter with a nucleus occupying most of the apparent area of the smeared cell. These cells showed varying degrees of basophilia although about 10 % of them, all with diameters in the range 15 to 17 #, were pale-staining blastlike cells. Nearly all the antibody-forming cells in the efferent lymph, and about half of those obtained from the node, belonged to this group. 
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TExT-FIo 4. Frequency distribution of the diameters of antibody-forming cells from the efferent lymph and the lymph node.
The second group of active cells were commonly found only in the lymph nodes. These cells were 6 to 10 # in diameter, intensely basophilic, and had a relatively small nucleus. They correspond to the mature plasma cells of many authors. Cells intermediate between the two types were found. An area of clear cytoplasm near the nucleus was common in the plasma cells, and was sometimes seen in the large basophilic cells. Cytoplasmic inclusions which may have been Russel bodies were occasionally found ( Figs. 2 g and 2 k ).
Electron microscopy: Ten clumps containing a total of 305 cells were prepared for electron microscopy. About 20 % of these cells were examined in section.
The efferent lymph cells have large nuclei, commonly exhibiting a marked indentation of one side, with dense clumps of chromatin often packed against the nuclear membrane (Fig. 3) . The cytoplasm was densely packed with ribosomes, many of which were in the form of clusters. A few flattened sacs of rough endoplasmic reticulum were seen. Mitochondria of various sizes were plentiful and the Golgi apparatus was well developed. Centrioles and associated structures (satellite bodies and microtubules) were often seen. Large polyribosomes, estimated to contain up to 50 or more ribosomes apparently arranged in a helix, were sometimes seen. In one cell ( Fig. 4 b) , these were abundant throughout the cytoplasm. These cells correspond to the large basophilic cells seen by light microscropy. Antibody-producing cells in the node were of 2 types, corresponding to the 2 groups distinguished by light microscopy. Many resembled the cells found in efferent lymph. A minority, the plasma cells found only in the node, were smaller with considerable amounts of rough endoplasmic reticulum in the cytoplasm (Fig. 4 a) . Again, cells morphologically intermediate between the 2 types could be found.
DISCUSSION
The popliteal node of the sheep responds to stimulation with boiled S~m~/~ by releasing about 5 X 107 detectable antibody-producing cells, mostly from 2 to 6 days after the stimulus. This represents roughly 0.5 % of the total cell output during this time. At the peak of the response, from I in I00 to I in 20 of the efferent lymph cells are releasing specific antibody directed against the bacterial lipopolysaccharide and as many as 1 in every 2 basophilic cells in the lymph may be involved (Table I) . The other basophilic cells may well be producing antibody to other antigens from the bacteria. In the node itself, the proportion of active cells is approximately one-tenth that of the lymph at the peak of the response, (Text- fig. 3 ), but numbers of antibody-forming cells decline more slowly than in the lymph.
Some of the problems encountered by Dent and Good in using the Jerne (9) and the Zaalberg (7) techniques to assay hemolysin and hemagglutinin-producing cells in the fowl, have been recently discussed (10) . The free suspension technique used here increases the sensitivity of plaque detection (3), and allows adherence-producing ceils to be assayed at the same time, without any danger of nonspecific clumping of lymphoid cells and erythrocytes. Evidence has been presented that plaque formation, immuno-cyto-adherence and localized agglutination are due to antibody release by the central lymphoid cell. It seems almost certain that these cells are synthesizing the antibody which they release although the evidence is only circumstantial. All the active cells show differentiation for protein synthesis and limited secretion: varying degrees of basophilia by light microscopy, large numbers of ribosomes, and some endoplasmic reticulum by electron microscopy. The fact that puromycin reversibly inhibits plaque formation and agglutination is not conclusive proof that the active cells are actually synthesizing antibody since a mechanism which depends on protein synthesis may be required to transport stored antibody across the plasma membrane. The cumbersome alternative explanation to antibody synthesis however, is that the basophilic cells store antibody which they receive from other cells.
Most of the plaques produced by the sheep cells in this system are very small (Fig. 1 a) . The size of a plaque presumably depends on the number of antibody molecules produced by a cell, and on their lytic efficiency. So a small plaque would be expected if the central cell released small amounts of antibody or if a lot of antibody molecules were required to lyse one sensitized erythrocyte. These alternatives cannot be distinguished in our system. However, as in other animals (11) (12) (13) , virtually all the antibody produced by the sheep in response to Salmonella antigens was IgM, and macroglobulins are believed to be extremely efficient at binding complement and lysing red cells, at least in the rabbit antisheep red cell system (14) . If this is also true of sheep IgM antibody reacting against lipopolysaccharide-coated erythrocytes, then it is possible that the majority of efferent lymph cells were releasing very small amounts of antibody in our test chambers. Mouse lymph node cells releasing antibacterial antibody in similar preparations produce a majority of plaques approximately 400 # in diameter with a few ranging in size down to the limit of sensitivity of this technique, the lysis of 10 to 20 red cens (8) .
Agglutination and adherence are a less convenient index of antibody production than plaque formation because relatively few cells may be examined for these effects. One plaque-forming cell amongst l0 s inactive cells can be immediately seen when chambers are inspected under low power (X 60), but only 104 cells can be conveniently scanned under higher power (X 240) for adherence of erythrocytes. Even in the presence of complement, many active lymphoid cells are unable to lyse attached or locally agglutinated erythrocytes. The antibody which these cells produce is probably qualitatively different from the antibody released by plaque-forming cells. It exhibits the fundamental property of binding to its corresponding antigen, but is unable to bring about lysis.
Localized agglutination seems to differ from immuno-cyto-adherence only in the amount of antibody produced by the active cell. Agglutination obviously involves the release of free antibody into the medium, and occurs at 37°C but not at 0°C. Cells showing immuno-cyto-adherence on the other hand, apparently have antibody attached to their surface, either because this antibody is in the process of escaping from the cell or because release has stopped. The inhibition of adherence caused by prewashing cells with free homologous lipopolysaccharide at 0°C can be quickly reversed by raising the temperature to 37°C: this suggests that the antibody responsible for binding erythrocytes to the lymphoid cell is being continuously released during incubation. Exactly how antibody attaches an erythrocyte to a lymph cell is obscure; it may be that the sensitized erythrocyte is bound by several molecules at once, and that these are continually renewed as more antibody is formed. The bond is quite firm and often remains intact during the smearing and drying of these cells ( Figs. 2 d  and 2 i).
Much work has been done on the identification of cells stained by fluorescence techniques for specific antibody (15) (16) (17) (18) . This approach allows a large number of cells to be studied, but histological detail is very poor. In addition, fluorescence indicates antibody content of a cell, not the release of antibody. The brightly fluorescing mature plasma cell may be packed with antibody, most of which is not released until the cell lyses (19) . Nossal (20) used a functional test, the immobilization of bacteria, for detecting antibody production by single cells, then stained them with orcein-green in a microdrop. We have smeared individual cells in serum before staining with Leishman's stain. Under the light microscope, the antibody-forming cells in the sheep lymphatic system closely resemble the immature and mature plasma cells described by Nossal (20) .
In the electron microscope, the antibody-producing cells from efferent lymph, with their very small amounts of unorganized endoplasmic reticulum, resemble lymphocytes. However, free ribosomes are more concentrated in their cytoplasm. This type of cell has recently been shown to contain antibody to ferritin (21) . Similar cells have frequently been described in lymphoid tissue during immune responses, but under conditions in which the functional activity of the cells was unknown. Harris et al. (22) described mouse hemolysin-producing cells with very little endoplasmic reticulum, and called them lymphocytes. However, cells from adult CBA mice producing hemolytic antibody are quite basophilic when stained for light microscopy by the method described in this report, and closely resemble the large basophilic cells of sheep (8) .
Protein secretion is usually associated with cells which show considerable organization of rough endoplasmic reticulum (23) . The antibody-forming cells of efferent lymph may be secreting very little antibody protein or they may be using some unrecognized means of transporting it out of the cell. Plasma cells with considerable amounts of endoplasmic reticulum were found to be producing antibody in the node, in agreement with recent reports that such cells are capable of releasing plaque-forming antibody (22, 24, 25) .
The large basophllic cells contain many free ribosomes and polyribosomes, structures which have long been known to be associated with rapid growth and differentiation (26) . Further support for the idea that these cells are rapidly differentiating is the presence of large polyribosomes of apparently helical form, similar to those previously described in a number of differentiating tissues (27) (28) (29) (30) . In most cells, one or two helical polyribosomes could be found per section. In one cell the cytoplasm was packed with them ( Fig. 4 b) : conceivably all the large basophilic cells could pass through a developmental stage in which they contain many of these structures.
No conclusions on the developmental history of antibody-forming cells in sheep lymphatics can be drawn from the observations made in this study. However, Hall et al. (31) , have shown that the cells of the popliteal efferent lymph play an important part in the immune response of the sheep: serum antibody fiters are drastically reduced if the efferent lymph cells collected from a stimulated node are not returned to the animal. These cells can also initiate an antibody response in a chimeric twin which has had no experience of the antigen. This, and the fact that plasma cells occur in the node and not in the lymph, supports the idea (31) that many of the basophillc cells of efferent lymph settle in nodes further along the lymphatic chain and develop there into antibody-producing plasma cells.
SUMMARY
The antibody-forming cells which appear in the popliteal lymph node and efferent lymph of the sheep following immunization with boiled Salmonella have been studied by light and electron microscopy. Cells were incubated in monolayers with target erythrocytes sensitized with bacterial lipopolysaccharide. Three types of interaction between a proportion of the lymph cells and the erythrocytes surrounding them have been shown to indicate antibody formation: plaque-formation, imrnuno-cyto-adherence, and localized agglutination.
At the peak of the response, 4 days after antigenic stimulation approximately 1 cell in every 200 from lymph node suspensions produces detectable specific antibody, while up to I cell in 20 in the lymph is active.
For light microscope examination, individual antibody-forming cells were smeared in serum and stained with Lelshman's stain. For electron microscopy, a number of active cells were clumped with antiserum to form a spccimcn of convenient size, then sectioned. Most of the active cells from efferent lymph are large and basophilic, while a small proportion arc blastlike. These ccUs contain abundant free ribosomes and very little endoplasmic rcticulum. In the node only, an additional class of antibody-forming plasma cells is found which have considerable mounts of endoplasmic reficulum in their cytoplasm. 
